We use coupled numerical models (HydroTrend and SedFlux) to investigate the dispersal and accumulation of sediment on Poverty Shelf, North Island, New Zealand, during the past 3 kyr. In this timeframe, we estimate that the Waipaoa River system delivered $10 Gt of sediment to Poverty Shelf, 5^10% of which was transported to the outer shelf and continental slope.The domain of the two -dimensional model (SedFlux) is representative of a 30 km traverse across the shelf. Comparing the model output with seismic re£ection data and a core obtained from the middle shelf shows that, without extensively modifying the governing equations or imposing unrealistic conditions on the model domain, it is possible to replicate the geometry, grain size and accumulation rate of the late Holocene mud deposit.The replicate depositional record responds to naturally and anthropogenically induced vegetation disturbance, as well as to storms forced by long-period climatic events simulated entirely within the model domain.The model output also suggests that long-term £uctuations in the amount and caliber of river sediment discharge, promoted by wholesale changes in the catchment environment, may be translated directly to the shelf depositional record, whereas short-term £uctuations conditioned by event magnitude and frequency are not.Thus on Poverty Shelf, as well as in depocenters on other active continental margins which retain a much smaller proportion of the terrigeneous sediment delivered to them, £ood-generated event beds are not commonplace features in the high-resolution sedimentary record.This is because the shelf sedimentary record is in£uenced more by the energy available to the coastal ocean which helps keep the sediment in suspension and facilitates its dispersal, than by basin hydrometeorology which determines the turbidity and velocity of the river plume.
INTRODUCTION
Sediment dispersal systems traversing active continental margins constitute a traceable continuum from source to sink, wherein the links between terrestrial sediment production, dispersal and accumulation in the marine environment may be preserved in depocenters that have the potential to register variations in sediment discharge forced by changes in climate, geology, land use and oceanographic regime (cf. Wheatcroft et al., 1996; Sommer¢eld & Nittrouer, 1999; Sommer¢eld et al., 1999; Carter et al., 2002; Sommer¢eld & Wheatcroft, 2007) . Investigations undertaken on the river-fed California^Oregon^Washington continental margin and elsewhere have highlighted the importance of short-duration, large magnitude storm events to the land-ocean transfer of terrigenous sediment (e.g. Wheatcroft et al., 1996 Wheatcroft et al., , 1997 Hovius et al., 2000; Johnson et al., 2001; Mulder et al., 2001a, b; Dadson et al., 2005) . Such events transport large amounts of suspended sediment to the coastal ocean, but much of this sediment apparently escapes the shelf and is presumed to be transported by turbid under£ows into the deep sea (Imran & Syvitski, 2000; Sommer¢eld & Wheatcroft, 2007) . For this reason rivers draining active continental margins are presumed to be highly dispersive on short time scales and £ood deposits may be less well preserved on the shelf than they are in the deep sea (Wheatcroft et al., 1997) . However, even in settings where the majority of sediment is retained on the shelf it has not proved possible to use the stratigraphic record to link the frequent events that ordinarily are responsible for generating and transporting £uvial sediment with the processes responsible for its dispersal and accumulation o¡shore. Such is the case on Poverty Shelf, where most of the terrigenous sediment is derived from the Waipaoa River system (Foster & Carter, 1997; Orpin et al., 2006; Gomez et al., 2007a) .
In this paper, we employ coupled numerical models (HydroTrend and SedFlux), that simulate the processes operating in the terrestrial and marine domains and relate patterns of production and accumulation to sediment dynamics, to gain insight into the processes that control the evolution of stratigraphy on Poverty Shelf. Speci¢cally, we seek to: (i) determine the extent to which, without extensively modifying the governing equations or imposing unrealistic conditions on the model domain, we are able to reproduce empirical observations of the shelf stratigraphy; and (ii) obtain a greater understanding of the factors that in£uence the dispersal and accumulation of sediment on Poverty Shelf during the past 3 kyr, and of the sensitivity of the shelf stratigraphy to past environmental change. To this end we build on Kettner et al's (2007) use of HydroTrend to simulate the water and suspended sediment discharge time series of the Waipaoa River system, and we compare the simulated stratigraphy as modeled by two-dimensional (2D)-SedFlux using vertically averaged variables that vary horizontally, with seismic re£ection data and the textural changes in the top $5 m of a Calypso (giant piston) core obtained from the middle shelf. Our ¢ndings demonstrate how an integrated modeling framework can help elucidate the nature of marine sedimentation adjacent to a steepland river basin that has been perturbed by a well-documented sequence of natural events and anthropogenic activities (Gomez et al., 2007a; Phillips & Gomez, 2007) . They also provide a comparison with the results of investigations of the sedimentary record on the northern California shelf where the bathymetry favors the seaward transport and o¡-shelf dispersal, rather than the retention of terrigenous sediment (cf. Sommer¢eld & Wheatcroft, 2007) .
REGIONAL SETTING
Poverty Shelf and the adjacent Waipaoa River system ( Fig. 1) , which encompasses the 1987 km 2 Waipaoa, 216 km 2 Te Arai and 312 km 2 Waimata catchments, lie within the zone of active deformation associated with the obliquely converging Australian and Paci¢c lithospheric plates along the Hikurangi margin, North Island, New Zealand (Lewis & Pettinga, 1993) . Subduction-related underplating of the allochthonous Palaeogene slab and the overlying Neogene cover sequence on the Raukumara Peninsula is uplifting the axial ranges at the head of the Waipaoa River system at a rate of 3^4 mm yr À 1 (Reyners & McGinty, 1999; Berryman et al., 2000) . Slight subsidence is experienced near the coast and on the inner shelf, and the middle shelf is subsiding at a rate of 1.5^2 mm yr À 1 , but two fault-controlled anticlines are growing on the outer shelf (Brown, 1995; Foster & Carter, 1997; Berryman et al., 2000; Barnes et al., 2002; Fig. 1a) . Four M 47 earthquakes have occurred at the northern end of the Ariel anticline during the past 2.5 kyr and, on a global scale, the 1.718 kyr B.P. eruption in theTaupo volcanic center (located 230 km to the west-southwest of the Waipaoa River system) ranks as one of the largest volcanic events in the last 5000 year (Wilson & Walker, 1985; Berryman et al., 1989; Ota et al., 1991) . showing the extent of the self depocenter and the sediment lobe seaward of Lachlan and Ariel anticlines, the site from which Calypso core MD972122 was obtained, and the location of seismic re£ection pro¢le F^F 0 (after Arron & Lewis, 1992; Foster & Carter, 1997; Orpin et al., 2006) . Ap and T denote the location of Gisborne airport climatological station, and Tatapouir buoy, respectively. (b) The Waipaoa River system (note the area of land on the Poverty Bay Flats across which the shoreline prograded was accommodated by scaling the model output with total basin area). K and M indicate the location of the gauging stations at Kanakanaia and Matawhero, and the inset map shows the location of LakeTutira (LT), which yielded the proxy record of geomorphologically e¡ective storm activity.
The El Nin ì o^Southern Oscillation (ENSO) dominated, maritime climate of the East Coast of the North Island was established ca. 4 kyr ago, and only minor changes in climate have occurred in the last 2.5^3 kyr (McGlone et al., 1993; Gomez et al., 2004b) . The mean annual temperature is 11.8 1C. Mean annual precipitation varies with altitude and ranges from $1000 mm yr À 1 at the coast to $3000 mm yr À 1 in the headwaters, where the maximum elevation is 1190 m, and cyclonic storms, one or two of which normally pass within 100 km of New Zealand every year, are an important component of the region's hydrogeomorphological regime (Hessell, 1980; Hastings, 1990; Page etal.,1999; Sinclair, 2002) . Rainfall and river discharge are highest in winter (Fig. 2) , but £oods occur in all seasons, and are weakly in£uenced by the ENSO cycle which is associated with drought and less tropical cyclone activity in El Nin ì o years and wetter conditions during La Nin ì a years ( Fig. 3 ; Salinger & Mullan, 1999) . The native vegetation, which periodically was disturbed by volcanic eruptions, ¢re and severe storms, comprised tall emergent podocarps over a continuous canopy of dicotyledonous and angiosperm trees in lowland regions, and beech forest in montane areas (McGlone, 1985 (McGlone, , 1988 Grant, 1989; Wilmshurst et al., 1999) . Cultural activities impacted the vegetation cover from the thirteenth century AD onwards. Polynesian settlers (Maori) disturbed the lowland forests , and wholesale clearance of the indigenous forest began in the late 1820s after the arrival of European colonists. The process of deforestation continued until 1920, and today only $2% of the landscape remains under native forest.
Erosion and sediment production throughout the region are closely related to terrain stability (Jessen et al., 1999) . Hills underlain by the Neogene cover sequence that surround the Poverty Bay Flats and in the headwaters of the Waipaoa River system are prone to shallow landsliding, whereas the thrust-imbricated allochthonous rocks in the headwaters are susceptible to gully erosion (Gage & Black, 1979; Reid & Page, 2002; Marden et al., 2005) . Shallow landslides generate 10^20% of the Waipaoa River's suspended sediment load (and as much as 50% during intense rainstorms), but gully erosion generates the majority of the suspended sediment that the Waipaoa River now delivers annually to the Paci¢c Ocean Trustrum et al., 1999; Hicks et al., 2000) . Before the basin was deforested there may have been fewer active gullies in the headwaters, but extensive erosion is known to occur under the remaining native forest cover (cf. Lie¤ bault et al., 2005) . Landsliding is likely to have been the dominant erosion process on steep, riparian hillslopes throughout the Waipaoa River system at that time, although less of the terrain would have been susceptible to mass wasting (Gomez et al., 2004a, b) .
The Waipaoa River has a mean annual suspended load of 13.4 AE 7.3 Mt yr , and is the principal source of the terrigenous sediment supplied to Poverty Shelf (Gomez et al., 2007a; Kettner et al., 2007) . Most (83%) of this sediment currently is transported at discharges between the mean £ow (35 m 3 s ( Hicks et al., 2000; Gomez et al., 2003 Gomez et al., , 2007b . Measured suspended sediment concentrations are as high as 34 300^36 800 mg L À 1 , but it is predicted that £ood discharges rarely attain the for this study assumed critical suspended sediment concentration of 40 000 mg L À 1 for hyperpycnal plume generation, given the local ocean salinity and temperature (Hicks et al., 2004; Kettner et al., 2007) . Only $0.5 Mt yr À 1 of sediment is lost to storage on the river £oodplain, 60% of which it is estimated remains in storage for 4100 years Phillips et al., 2006) . During the past 3 kyr the combined e¡ects of deposition on the Poverty Bay Flats and coastal accretion have caused the shoreline to prograde by up to 2 km, at a rate of $0.2 to 0.8 m yr À 1 in the prehistoric period, and 41m yr À 1 in the period since the headwaters were deforested (Pullar & Penhale, 1970; Smith, 1988) .
The Waipaoa River drains into Poverty Bay, a relatively shallow 63 km 2 indentation, with a 10 km-wide entrance, that opens southeastward onto Poverty Shelf. The shelf break occurs 22^26 km from the present day shoreline, at 140^170 m water depth, and the base of the adjacent continental slope is found at 3000^3500 m water depth (Fig. 1a) . Except for a 13 km-wide gap, the shelf is enclosed at its seaward limit by the growing Lachlan and Ariel anticlines. Landward of these anticlines, with a current water depth of 30^70 m, the subsiding, 980 km 2 mid-shelf basin has captured 435 m of sediment since the Last Glacial Maximum (Foster & Carter, 1997; Orpin et al., 2006) . Mahia Peninsula and Monowai Rocks also help prevent sediment escaping or entering the shelf basin from the southwest and northeast, but a well-de¢ned sediment lobe extends seaward of the gap between the anticlines ( Fig. 1a ; Orpin, 2004; Orpin et al., 2006) .The late Holocene shelf stratigraphy is known from 3.5 kHz seismic re£ection pro¢les and the sediment texture from MD972122, a Calypso (giant piston) core obtained at 38148 0 36 00 S, 178110 0 12 00 E, in 55 m deep water (Figs 4 and 5) .
The prevailing pattern of mud dispersal was established ca. 3500 years ago, by which time modern sea level had been established and sediment retention on the shelf was enhanced by a climate-forced change in marine circulation (Gibb, 1986; Carter et al., 2002) . Tides and shelf currents have little in£uence on the circulation in Poverty Bay, which is dominated by a river-forced gyre that appears to form in response to pressure and density gradients created when the water discharge from the Waipaoa River is 474 m 3 s À 1 (Stephens et al., 2001) . The tidal component of the shelf circulation is weak ( $0.04 m s À 1 ), but the £ood phase, which is directed northeast along the shelf, may be reinforced by the northeast-£owing Wairarapa Coastal Current (Chiswell, 2000; Stanton et al., 2001) .The overall pattern of £ow on the inner and middle shelf is poorly constrained, but satellite images highlight the general pattern of suspended sediment dispersal by hypopycnal plumes (L. Carter, pers. comm.) . Following small to moderate £oods, SeaWiFs imagery shows a well-de¢ned coastal plume that increases in width, from Hawke Bay to East Cape, as rainfall concomitantly increases. SPOT imagery obtained after an extreme £ood also suggests that wave-reworking of sediment on the innermost shelf may contribute to the coastal plume (cf. Foster & Carter, 1997; Hicks et al., 2004) . Most (490%) of the suspended sediment discharged by the Waipaoa River bypasses Poverty Bay and is transported directly to the shelf (Smith, 1988; Foster & Carter,1997) .This mud moves in an anticlockwise direction through the southern sector of Poverty Bay and once the surface plume emerges onto the continental shelf the £ood tide, reinforced by the Wairarapa Coastal Current and direct wind stress, promotes transport to the northeast (L. Carter, pers. comm.) . Ebb tides assisted by northerly winds encourage southwesterly dispersal. Optimal conditions for the seaward movement of turbid surface water occur when the river-forced gyre interacts with o¡shore winds. However, because the North Island shelters Poverty Shelf from the prevailing westerly winds, high river discharges and high seas often occur in combination with east-southeast^south-southeast winds (Fig. 6 ). Simulations also indicate that, in deep water, high seas accompanied by strong winds (420 m s À 1 ) are most common in winter, when swell waves (maximum height 410 m) and winds from southern sources predominate, and the mean signi¢cant wave height ( $2.2 m) and mean wind speed ( $8.5 m s À 1 ) are at a maximum (Reid et al., 2005) . Closer inshore and within Poverty Bay, during the austral winter, maximum and mean signi¢cant wave heights are $4 m and 0.5^2 m, respectively (Foster & Carter, 1997; Gorman et al., 2003b) . The wave climate is also weakly in£uenced by the ENSO cycle, with a slight tendency for wave heights to increase in La Nin ì a years (Gorman et al., 2003a) .
MODELING SHELF STRATIGRAPHY
Coupled numerical models (HydroTrend and SedFlux) were used to simulate the processes operating in the terrestrial and marine domains. SedFlux is a processresponse model that disperses the multi-sized sediment load supplied by a river across a continental margin, and simulates basin stratigraphy (e.g. the deposit thickness and its grain size distribution) in two or three dimensions, over timeframes of centuries to hundreds of thousands of years Hutton & Syvitski, 2008) . Sediment entering the marine domain is dispersed as bed load or, depending on the density of the river out£ow, as a surface plume or hyperpycnal £ow. The time-varying boundary conditions (water and sediment discharge) at the river mouth were reproduced by HydroTrend, a hydrologic-transport model which creates water and suspended-sediment discharge time series as a function of climate and the local catchment characteristics that in£uence the hydrology of the contributing rivers (Mulder & Syvitski, 1996) .
Terrestrial domain
A complete description of HydroTrend's structure and its constituent modules was provided by Syvitski et al. (1998) and Kettner & Syvitski (2008) , and Kettner et al. (2007) provided a full description of the model's application to the Waipaoa River basin and the procedures used to validate the model output. Thus, only those details that have a bearing on HydroTrend's application to the current setting are summarized here. Discharge is generated within HydroTrend using a water balance approach:
where Q r is the discharge generated by rain, Q gr is the groundwater discharge, Q evap is the amount of discharge lost by evapotranspiration (canopy evaporation and evaporation from the groundwater pool), and the subscript i denotes a daily time step. Intra-and inter-annual variability (hysteresis) in the relation between suspended sediment concentration and discharge is reproduced using Morehead et al's (2003) stochastic relation: ) with the same time period as Q T , the longterm average discharge (m 3 s
is a (daily) log^normal random distribution and C (a) is a normally distributed annual rating exponent , with:
Calendar years B.P. 
The long-term average suspended sediment load Qs (kg s À 1 ) is computed using a modi¢ed version of Syvitski et al's (2003) empirical relation: ; Tis average basin temperature ( 1C); the coe⁄cient of proportionality for this climatic zone a 6 5 0.0011kg s À 1 1C À 1 ; a 7 , a 8 and k 2 are dimensionless parameters that also depend on the climatic zone and veg is a dimensionless vegetation-erosion index that is equivalent to the term Syvitski & Milliman (2007) used to characterize catchment geology.
Boundary conditions
Informed by the contemporary physiography, land-use and climatic regime (determined from a 25 m DEM; a Landsat TM image and four daily climatological stations with between 11 and 78 years of exploitable record, respectively), Kettner et al. (2007) used HydroTrend to simulate the water and suspended sediment discharge of the Waipaoa River system over the last 3 kyr. A 3 kyr long proxy record of geomorphologically e¡ective (landslide inducing) storms obtained from nearby LakeTutira was used in the model runs to drive short-term variations in precipitation (Eden & Page, 1998 ; M.J. Page, pers. comm.), and changes in land use and vegetation type were simulated by making proportional adjustments to the amount of discharge lost by evapotranspiration. The e¡ect of the Taupo eruption, which blanketed the Waipaoa River system with 40.1m of airfall tehpra, was simulated by a 25% reduction in the vegetation cover followed by an incremental 175 year recovery period (cf. Wilmshurst & McGlone, 1996; Gomez et al., 2007a) .
To account for variations in the rate at which sediment is produced and delivered to the stream channel an upper boundary condition of 60 kg m À 3 was imposed on the suspended sediment concentration of the Waipaoa River. This re£ects the maximum observed suspended sediment concentration of 36.8 kg m , and fact that the rate at which suspended sediment concentration increases declines at higher discharges (Hicks et al., 2000) . In theTe Arai and Waimata river basins there is a hydroclimatic threshold for landsliding which limits sediment availability, and the best-¢t to the suspended sediment ratings was obtained when the rating curve exponent was multiplied by a factor of 1.8 (Kettner et al., 2007) . The vegetationê rosion index, which accounts for the e¡ect changes to the vegetation cover have on erosion rates and sediment production from highly erodible lithologies, was calibrated with reference to the Waipaoa River basin's environmental history and the observed erosional response to land environmental change (Trustrum et al., 1999; Wilmshurst et al., 1999; Reid & Page, 2002; Marden et al., 2005; Gomez et al., 2007a) . Transmission losses to the £ood plain were accounted for by making a proportionate (0.2 Mt yr À 1 ) reduction in the suspended sediment load at the river mouth whenever the annual sediment load exceeded 0.6 Mt and, in keeping with the long residence time of sediment on the Poverty Bay Flats, this sediment was lost to storage for the entire duration of the model run Gomez & Trustrum, 2005; Phillips et al., 2006) .
Marine domain
We used the 2D version of SedFlux to simulate the physical processes responsible for dispersing, depositing and redistributing sediment discharged from the Waipaoa River system on Poverty Shelf where, consistent with the 2D assumption, the terrigenous sediment is dispersed over a wide area by along-shore currents and wave energy (Foster & Carter, 1997; Orpin etal., 2006) . and Hutton & Syvitski (2008) provided full details of the suite of processbased models integrated into SedFlux, and only the components that have a bearing on the model's application to the current setting are summarized below.
The sedimentation rate, D (m s ), which is deposited out from the river mouth within a distance, L (m), determined from the intertidal range is ) is the uncompacted density of the sand (Syvitski et al., 1988) .
Mud is sorted, dispersed and deposited by a hypopycnal (surface) plume.The plume dimensions are governed by Albertson et al's (1950) steady 2D advection^di¡usion equation:
where x and y (m) represent the cross-shore and long-shore directions, respectively, with corresponding velocities u and v (m s ) is a removal rate that is constant for each grain size and accounts for the in£uence of £occulation on particle settling and
) is the sediment di¡usivity driven by turbulence and is assumed to be equal to the turbulent di¡usivity .
Depending on grain size and the energy generated by waves and currents, sediment deposited on the shelf may be reworked, resuspended and/or redistributed on the inner shelf, where Nichols et al. (1998) assumed that the water depth was less than the closure depth, h c (m):
where H ss (m) is the wave height that is exceeded for 12 h every year, with an associated period T (s) and g (m s 
where k c is a constant, such that q s at the near-shore boundary equals q s on the middle and outer shelf at the same depth; x is the o¡shore position, normalized by the position of the near-shore boundary and the constant m 5 2/3 (Nichols et al., 1998) . Equal amounts of wave and current energy are assumed to act on each grain size on the middle and outer shelf:
where u t (m 3 s ) is the £uid density; r s (kg m À 3 ) is the sediment density; C fs is the drag coe⁄cient for the seabed; e ss is the e⁄ciency of suspended sediment transport; I s is the storm duration; u om (LT ) is the velocity of the seaward-directed down-welling current; and h (m) is the local water depth (Swenson et al., 2005) .
Boundary conditions
The simulated water and suspended sediment discharges of the Waipaoa, Te Arai and Waimata rivers were summed to produce 3 kyr long time series for a single model river that drained directly to the shelf (Fig. 7) . Kettner et al. (2007) noted that e¡ects due to vegetation and land use change that transform sediment source dynamics have more e¡ect on the suspended sediment discharge of the model river than do changes in the precipitation regime, and also a¡ect the texture of £uvial sediment discharged to Poverty Shelf (cf. Gomez et al., 2007a) . To account for these variations in sediment texture, di¡erent grain size distributions were speci¢ed for the period before the Taupo eruption (3^1.718 kyr, BP), the period prior to Polynesian arrival (1.718^0.6 kyr, BP), and the period when vegetation clearance by ¢re became dominant (0.6 kyr, BP present), based on the size of suspended sediment transported by the modern river (Gomez et al., 2003;  Table 1 ).
The pro¢le, along which sediment deposit thickness and grain size were simulated at horizontal and vertical (Figs 1 and 4) .To obtain the initial bathymetry, adjustments were made to the seabed elevations obtained from a 1 : 200 000 chart to compensate for tectonic deformation of the middle and outer shelf (Arron & Lewis, 1992; Foster & Carter, 1997) . Subsidence of the middle shelf and uplift of Ariel anticline during the model runs were replicated by making proportional, temporal and spatial adjustments to the initial bathymetry that were consistent with the known rates of tectonic deformation ( À 1.5 to À 2 and 3 mmyr À 1 , respectively). The creation of accommodation space ensured that sedimentation was not supply limited. Isostatic subsidence due to sediment loading was ignored because only a small amount of sediment accumulated on the shelf during the 3 kyr model run (cf. ).We assumed a basin width of 30 km, which approximates the distance over which mud from the Waipaoa River system is dispersed (Fig. 1) , and that all sand was deposited within $1km from the river mouth. As de¢ned, the 2D model domain is representative of a 30 km traverse across the shelf, and does not take into account lateral variations in the rate of sediment accumulation or along shore sediment movement.
Consistent with the knowledge that high river discharges and the large waves needed to rework sediment on the middle and outer shelf material often coincide (Fig. 6) , we simulated the stratigraphy using event-based time steps driven by the 10 largest simulated £oods in each year (cf. Hutton & Syvitski, 2008) . Periods between £oods were used to characterize 'average' discharge conditions which, in combination with the £ood discharges, yielded water and sediment discharges equivalent to the simulated annual values.
Storm waves capable of reworking sediment on the middle and outer shelfwere characterized by a single probability density function, generated from the continuous, 30 month record of wave heights obtained at Tatapouri (38140 0 0 00 S, 17819 0 12 00 E), in 39 m deep water (Figs 1 and 8) , and hindcast wave heights for the Gisborne sea area (Reid et al., 2005 (Syvitski et al., 1998) .This approach permits the model output to be reproduced, but it also introduces some extraneous patterning into the time series (after Kettner et al., 2007) . Significant wave height (m) 
CONTROLS ON SHELF STRATIGRAPHY
Sediment accumulates along an average pro¢le in 2D-SedFlux and within this framework we performed numerical experiments that a¡ord a synoptic perspective of the time-varying processes controlling the lithostratigraphic properties of the sedimentary record preserved on Poverty Shelf. Changing the emphasis placed on di¡erent variables, for example, allowed us to use replicate model runs to investigate the in£uence that individual processes have on strata formation. However, a regional perspective is required to interpret any one portion of the deposit (Morehead et al., 2001) . Sedimentary basins also evolve as open systems in which the initial and boundary conditions are uncertain and, for the most part, unveri¢able. For these reasons, we limit our discussion to the controls on: (i) the overall 2D morphology of the mud deposit that is accumulating on the shelf and (ii) the textural trends in core MD972122. Speci¢cally, we use the model output to show how the boundary conditions and large-scale sedimentary processes potentially in£uence the lithologic record.
The geometry of the simulated deposit is similar to the morphology of the mud deposit outlined by seismic re£ec-tion pro¢ling (Figs 4 and 9a) , and analogous trends appear in the lithology of both MD972122 and the synthetic SedFlux core (Figs 5 and 10) . Signi¢cantly, these results were achieved without: (i) modeling coastal progradation and sediment dispersal within Poverty Bay; (ii) varying the wave climate across the model domain; or (iii) a detailed knowledge of the weather patterns and landscape conditions that moderate the long-term water and sediment discharges of the model river and the grain size distribution of its sediment load.
As noted above, in the HydroTrend simulation a proxyclimate record was used to force precipitation variations that occurred in response to short-term climate change and a vegetation^erosion index accounted for the e¡ect changes in the vegetation cover had on erosion rates. Additionally, the sediment discharged from the model river had a di¡erent grain size distribution in the pre-Taupo, pre-Polynesian and post-settlement periods, respectively (Table 1) . Temporal variations permit storm events to be simulated but, in the SedFlux model, storm waves capable of reworking sediment on the middle and outer shelf were characterized by a single probability density function. Thus, the simulated longer-term variations in texture primarily re£ect changes in the £ux and character of the sediment supply to the shelf (Figs 7 and 10) , which mimic the landscape response to vegetation and land use change and short-term £uctuations in climate ( Fig. 5 ; Gomez et al., 2007a) .
The Waipaoa River system delivered a total of $10 Gt of terrigenous sediment to Poverty Shelf during the 3 kyr long model run (32, 28 and 40% in the pre-Taupo, pre-Polynesian and post-settlement periods, respectively). Comparing the sediment £ux from the model river mouth with the sedimentation rate on the shelf indicates that 5^10% of the sediment escaped the middle shelf and was transported to the outer shelf and continental slope. Overall, there is more ( $10%) mud throughout the synthetic core than there is in core MD972122 (Figs 5 and10) .This may be because HydroTrend does not account for short-term variations in sediment texture that occur as sediment source dynamics change during £ood events. Flocculation also a¡ects basin stratigraphy by increasing the settling velocity of ¢ne aggregates, which causes mud deposits to form closer to the coast, and £occulation rates change over time as river systems are a¡ected by anthropogenic activities (Kranck, 1973; Syvitski et al., 1995) . The settling velocities (Table 1 : removal rates) we used, assuming that 100% of the sediment is £occulated, are representative of contemporary conditions, but we note that decreasing the settling velocities of grains 60 mm in diameter by 50% Fig. 4 (see Fig. 1 for location) , and the di¡erent model runs simulate: (a) sediment dispersal by momentum-driven hypopycnal plumes and resuspension by wave energy; (b) sediment dispersal by hypopycnal plumes. However, poorly or un£occulated sediment may have settling velocities one to four orders of magnitude slower (Syvitski et al., 1995) , leading to greater dispersion. Finally, the simulated mud content may be higher because sediment was delivered directly to the shelf, and more energetic waves on the inner shelf reworked and transported a greater amount of sediment further o¡shore. In the preTaupo period, for example, more sediment accumulated on the outer shelf in the vicinity of the gap between the anticlines than is observed at that location (cf. Orpin et al., 2006) . Nevertheless, for the ¢rst $1500 year of the model run the long-term trend in the mud content of the synthetic core resembles that in MD972122 (Figs 5 and  10) . Following the 1.718 kyr BP Taupo eruption the rate of sediment discharge to the shelf increased (Figs 5 and 10 ; Gomez et al., 2007a; Kettner et al., 2007) . Complete recovery may have been prohibited by the transition to a drier, less stormy climatic regime (Gomez et al., 2007a) , but in the ensuing $200 year period the sedimentation rate and mud content of the synthetic core gradually converge on their pre-Taupo values, as the post-eruption vegetation reverted to its pre-eruption composition (cf. Fig. 5 ).
There is a closer match between the observed and simulated sedimentation rates in the pre-Polynesian period, when there is a slight overall increase in the mud content of the synthetic core, compared to an essentially stable trend in MD972122, upon which £uctuations caused by short-term changes in climate are superimposed (Figs 5 and10; Gomez etal., 2007a) .This may be because the speci¢ed grain size distribution did not adequately characterize the sediment supply to the shelf. It could also re£ect the impact of short-term £uctuations in climate, which give rise to relatively small changes in water and sediment discharge and may be linked with a change in the zonal westerly air£ow or alteration to the regional pattern of atmospheric circulation (Salinger & Mullan, 1999; Kettner et al., 2007) , have on the coastal wave climate; the magnitude of which is unknown and unaccounted for. Both e¡ects likely are translated to the post-settlement period when anthropogenic activities began to obscure the impact of natural events in the sediment record, and the sediment £ux to the shelf increased from $2.3 AE 4.5 to 14.9 AE 8.7 Mt yr À 1 (Kettner et al., 2007) . HydroTrend is capable of simulating rare £oods forced by long-period climatic events (Syvitski & Morehead, 1999) , but because we made no explicit e¡ort to do so the 175 year BP event does not appear in the synthetic core (cf. Fig. 5 ). Nor did we at- Fig. 9a for location) , that replicates the location of sediment core MD972122 (Fig. 1) .The simulated core is 4.5 m long, as compared to the 4.8 m long section of MD972122 that contains sediment deposited during the last 3 kyr (Fig. 5) , and the simulated sedimentation rate (open circles) and simulated mud content are averages for 0.05 and 0.01m layers, respectively. Shading delimits the three time periods for which the texture of the terrigenous sediment was speci¢ed (Table 1) , and the dashed line indicates the corresponding £uctuation in the sedimentation rate in MD972122.
tempt to simulate (by varying the size of the sediment in transport) the phase of accelerated soil erosion that occurred after the arrival of European colonists and introduction of metal tools (Gomez etal., 2007a) ; thus, the associated decline in mud content is not replicated in the synthetic core. Nevertheless, the overall ¢ning trend, that re£ects the transition from a natural environment to one impacted by anthropogenic activities that altered erosion thresholds and increased sediment availability on hillslopes, is clearly evident (Fig. 10) . The human in£uence does not appear to dominate until towards the end of the model run, by which time almost the entire source area had been deforested (Gomez et al., 2007a; Kettner et al., 2007) , and there was a dramatic increase in both the £ux of terrigenous sediment to and the sedimentation rate on the middle shelf (Figs 7 and 10).The $2 times increase in the sedimentation rate at the synthetic core site is in broad agreement with Orpin et al's (2006) estimate of a two to three times increase for the shelf as a whole, and with the $2.5 times increase recorded in MD972122. Human activity changed the boundary conditions of the erosional but not the hydrological or oceanographic regime. Thus, in the post-settlement period the amount and caliber of the sediment discharged to the shelf increased more dramatically than water discharge ( Fig. 7 ; Table 1 ), and the initial decline in sedimentation rate at the synthetic core site likely is an artifact of the time required to rework the coarser sediment load supplied by the model river. At this time, recently acquired data indicate that the proportion of this sediment being transported to the outer shelf and continental slope also increased (Kuehl and Gerber, pers. comm.).
In the short-term, both the modeled stratigraphy and empirical observations emphasize the role of momentumdriven hypopycnal plumes as the normal dispersal mechanism for suspended sediment derived from the Waipaoa River system on the continental shelf (cf. Hicks et al., 2004) . After large storms, wave reworking of sediment on the innermost shelf contributes to the coastal plume (Foster & Carter, 1997) . However, the extent to which wave-induced resuspension during the moderate events that currently generate most of the river-derived sediment in£uences the pattern of dispersal is unknown. We conducted a numerical experiment, in which dispersal o¡shore was due to the velocity of the river plume alone, to examine the overall e¡ect of wave reworking on sediment accumulation on the shelf. The result is that most sediment is deposited on the inner shelf within $10 km of the river mouth, causing the coastline to prograde (Fig.  9b) , and only a small amount of sediment is transported to the middle and outer shelf during large £oods. Thus, we conclude that reworking, resuspension and redistribution of sediment by waves governs the dispersal of mud to the middle and outer shelf.This important observation not only helps to elucidate the factors that control the overall geometry of the shelf deposit, but also sheds light on the cause of the high frequency £uctuations in sediment texture that are preserved in MD972122 (Fig. 5) , which has not previously been identi¢ed (Gomez et al., 2007a) .
In terms of magnitude and frequency, extreme storms are the minimum geomorphologically e¡ective event preserved in MD972122 (Fig. 5) . Lower magnitude storms collectively contribute to event sequences of 4100 year duration that are dominated by high frequency £uctua-tions in sediment texture and associated properties (Gomez et al., 2007a) . However, the high frequency £uctuations preserved in the MD972122 sediment core do not correlate well with terrestrial storms in the historical rainfall record. Analogous high frequency £uctuations are conspicuous features in the synthetic core (Fig. 10) ; their (larger) amplitude is a product of the uniform wave climate in the model domain and an energetic wave climate on the inner shelf that promotes vigorous o¡shore transport. Thus, we suggest that the high frequency £uctuations arise because sediment dispersal to the middle shelf is conditioned by the energy available to the coastal ocean, rather than by the turbidity and velocity of the river plume which are a function of basin hydrometeorology (cf. Kao et al., 2005) . Rain-bearing depressions commonly strengthen on the East Coast of the North Island and produce strong winds along the coast (Reid et al., 2005) . For this reason high river discharges and high seas often coincide (Fig. 6) . However, Poverty Shelf is also exposed to long fetches in a south-southeasterly direction. Onshore winds help retain the turbid surface water near the coast, whereas sediment that is resuspended by waves on the inner shelf moves o¡shore in the bottom boundary layer (cf. Foster & Carter, 1997) . For this reason, sediment transport to the middle and outer shelf may depend on sea conditions that are not always closely associated with local storms, or o¡shore winds that promote upwelling along the coast and facilitate the seaward movement of the turbid, hypopycnal river plume (cf. Stephens et al., 2002) . The implication is that high frequency £uctuations in sediment texture preserved in MD972122 may more closely re£ect weather conditions at sea than on land. This observation may also explain why no record of the largest historic (Cyclone Bola, March 1988) storm is preserved in MD972122. There is anecdotal evidence that a £uid mud layer blanketed the inner and portions of the middle shelf during this event, which was characterized by strong easterly (onshore) winds.The frequency of wave resuspension is not known, but it is possible that the protracted £ood peak coincided with peak wave energy generated by the !6 m swell, and 18 days later waves still had the ability to rework sediment deposited on the inner shelf (Foster & Carter, 1997) . It is also possible that the storm, which generated nearly twice the annual suspended sediment load in $50 h, created a deposit (which recently obtained kasten and vibra cores suggest is preserved) on the inner shelf that in other circumstances might be entrained within a hyperpycnal plume and moved rapidly o¡shore. Hyperpycnal plumes may have formed during the regionally signi¢cant ca. 1.875 and 0.175 kyr £oods (Gomez et al., 2007a) . In MD972122, both these events are recorded by coarse silt^¢ne mud couplets (Fig. 5) , that are reminiscent of modern marine deposits created by major riverine £oods (cf. Mulder et al., 2001a, b; Wheatcroft et al., 2006) .
Ongoing studies of the Waipaoa sedimentary system have demonstrated that the landscape response to vegetation and land use change, short-term £uctuations in climate that a¡ect surface properties and processes, and discrete events, such as extreme storms that generate major £oods, all leave distinctive signals in the stratigraphic record (Gomez etal., 2004a (Gomez etal., , 2007a . However, despite the high rate of mass accumulation, the sediment generated by the high frequency^low magnitude £oods that are an integral component of the prevailing hydrometerological regime does not create distinctive event beds in the mud deposit. This is also the case on the northern California shelf where a much smaller proportion ( $30%) of the terrigeneous sediment is retained in the shelf depocenter and £ood sediment is rapidly and widely dispersed over the continental margin, because the storms that ordinarily generate high river discharges also in£uence the coastal ocean (Wheatcroft et al., 1997 (Wheatcroft et al., , 2006 . In both cases the available evidence suggests that wave reworking e¡aces these £ood deposits. On the energetic northern California shelf resuspended £ood sediment may be dispersed over a very wide area ( $6500 km 2 ), whereas the bathymetry and ocean circulation on Poverty Shelf promote sediment retention and so event sequences dominated by high frequency £uctuations in sediment texture form in the shelf depocenter. The net result is that the sediment columns on the northern California and Poverty shelves provide a clearer record of the basin response to spatially sensitive phenomena, such wholesale disturbances to the natural vegetation or land use change, than to temporal phenomena that are conditioned by frequency and magnitude. Although, as is evidenced by the preservation of event beds created by extreme £oods, temporal phenomenon that are of su⁄cient magnitude to generate deposits with recognizable characteristics may also be preserved in the sedimentary record.
To the extent that they are consistent with the notion that there are universal controls on strata formation on wave-dominated shelves (Sommer¢eld, 2006) , our results provide impetus for the continued re¢nement of source-tosink numerical models capable of evaluating the processes that dominate the observed variability in the sediment record on ocean margin systems sequestering terrigenous sediment. The resulting deposit is necessarily a product of complex interactions among the various processes being modeled, which range from the weather systems, to ocean storms that sort, rework, disperse and deposit sediment on the sea£oor. Knowledge of the variations in climate and land cover that moderate sediment delivery to the coastal ocean is a prerequisite to understanding this complexity, but an appreciation of the marine weather and sea conditions under which waves and wind-driven currents resuspended and disperse this sediment may also be required to correctly represent the time-varying impact of oceanographic processes on the energetic wave-dominated shelves of active continental margins.
CONCLUSION
We have demonstrated how, with primitive information about the terrestrial and oceanographic environments to set boundary conditions and a general understanding of the physical processes involved in the dispersal and accumulation of sediment, coupled terrestrial-marine numerical models (HydroTrend and SedFlux) can be used to simulate £uvial delivery to and strata formation on Poverty Shelf over the past 3 kyr (Figs 7, 9 and 10 ). To the extent that our results were obtained without extensively modifying the governing equations or imposing unrealistic conditions on the model domain, the simulations provide a coherent perspective on the processes that act to create the basin stratigraphy over the speci¢ed time and length scales. Overall there was $10% more mud in the synthetic core than in a sediment core obtained from the middle shelf because: (i) sediment was supplied directly to the shelf and no attempt was made to model coastal progradation and sediment dispersal within Poverty Bay; (ii) the wave climate was held constant across the model domain and more energetic waves on the inner shelf reworked and transported a greater amount of sediment further o¡shore and (iii) variations in the £occu-lation rate over time, that causes mud to deposit closer or further from the coast, were not taken into account. As a result more sediment accumulated on the outer shelf during the model run than is observed at that location.
During the past 3 kyr we estimate that the Waipaoa River system delivered $10 Gt of sediment to Poverty Shelf (32, 28 and 40% in the pre-Taupo, pre-Polynesian and post-settlement periods, respectively), and that 5^10% of this sediment was transported to the outer shelf and continental slope. During this time, in accord with the transition from a natural landscape to one dominated by the activities of humans, the sediment £ux to the shelf increased from $2.3 AE 4.5 to 14.9 AE 8.7 Mt yr À 1 , and after Europeans arrived the sedimentation rate at the synthetic core site increased from 0.95 to 1.9 mm yr À 1 (Fig. 10) . The simulated depositional record not only responded to naturally and anthropogenically induced vegetation disturbance, which is a spatially sensitive phenomenon, but also to events that were conditioned by magnitude and frequency; speci¢cally, storms forced by long-period climatic events simulated entirely within the model domains. Our simulations suggest that sediment dispersal to the middle shelf is dependent on the energy available to the coastal ocean and a wave climate on the inner shelf that promotes vigorous o¡shore transport. It is not dependent on basin hydrometeorology, which determines the turbidity and velocity of the river plume. Thus, whereas long-term £uctuations in the amount and caliber of river sediment discharge, which are a response to wholesale changes in the catchment environment, translate directly to the depositional record, short-term £uctuations conditioned by event magnitude and frequency may not. This also appears to be the case on the northern California shelf where, although £uvial sediment accumulates rapidly, £ood-derived sediment is more widely dispersed over the continental margin. Thus, to the extent that the model output appears to provide a coherent perspective on the processes that act to create basin stratigraphy, our results provide impetus for the continued re¢nement of sourceto -sink numerical models capable of evaluating the processes that dominate the observed variability in the sediment record on ocean margin systems sequestering terrigenous sediment.
